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General Description
The MK-2551 is an alternative grounding system which has been designed primarily for use with systems requiring high mobility operational scenarios. It is easily emplaced and removed, offering a reasonable option in situations where driving/retracting conventional ground rods would be difficult and/or too time consuming. It was originally conceived by the Human Engineering Laboratories (now Human Engineering Directorate of Army Research Laboratories) Grounding Analyses I and UI, performed in June 1984 and July 1987. The conclusion of the analysis was that the surface wire concept was competitive with a ground rod, in terms of electrical properties, and was easier to install.
In this report, we provide information on the components, operation, employment, and testing of the MK-2551. Our purpose is to provide the equipment designer and the materiel developer the best possible technical data regarding this grounding alternative. Verify the proper cable size before accepting an MK-2551. Prior to testing and validation, the main cable diameter was ¼A-inch, since changed to 3/16-inch. Early units and some units produced by various manufacturers have incorrect cables. The effect of the smaller cable is to degrade the MK-2551's ability to withstand the maximum percentile lightning strike. Failure under lightning current will occur approximately 5 % to 10% of occurrences if the ¼A-inch cable is used. The lug is also constructed of steel and is made especially for the MK-2551 for the same purposes. Preliminary data suggest that replacement with a copper lug may be practical, and we are exploring this possibility. Until the suitability of a copper lug can be verified, it is important to use the existing lug specified in the drawings.
Stakes
The stakes are typically cast steel, this method of construction being cheaper than forging. Preliminary user data and consultation with material laboratories' suggests that up to approximately 2% of castings are inherently flawed. This means that a small percentage of MK-2551 stakes will break, most likely the first time they are impacted with the sledge hammer. Return these stakes IAW the Technical Manual and continue to operate the MK-2551 provided that 13 or more stakes remain operational on the system. Unauthorized copies of the MK-2551 use various materials for the stakes, making them prone to breakage or deformation.
Short Ground Wire Assembly (Jumper cables)
These remain 'A-inch diameter cable. Their employment is mandated by the results of high current lightning tests. They provide an auxiliary path for very high current events, which divert current from the main wire, enhancing its survivability. When installed, the jumpers make the MK-2551 more survivable under high current lightning events than the standard ground rod kit. A frequent complaint is that the clips do not stand up well to wear and tear in field use. We are in the process of identifyLig a replacement clip.
Reliability and Maintainability Data
Little reliability data is currently available. We expect more to become available as more applications using MK-2551 are realized. Informal surveys of developmental programs suggest that the MK-2551 suffers damage about every thirty uses. The typical ' Meeting with G.T. Lamar, General Engineer, U.S. Army Missile Command Research and Development Center, September 1993. mode of damage identified is main wire breakage caused by accidental repeated strike by the hammer when installing the kit. We point out that individual parts for the MK-2551 can be ordered, in accordance with the technical manual instructions.
Defining reliability in a cost per use aspect, the cost per use is approximately $177/30 uses = $5.90 per use, assuming that the total MK-2551 needs replacement, which is most likely not true. Compare this to a ground rod which will typically survive only one or two uses. Assuming an approximate $10.00 unit cost, then the cost per unit use is approximately $10/2 = $5.00 per use. The conclusion is that the MK-2551 is competitive in terms of cost per unit use with the ground rod, especially since the entire kit does not need replacement if breakage occurs.
Theory of Operation
In this section, we explore the physical nature of the operation of the MK-2551 and grounding systems in general. In conclusion we present a resistance model , 
-
Resistance to ground is based on the ability of the earth electrode, whether it is the MK-2551 or a ground'"> Y rod, to transfer the current to the bulk earth Fgr rudn ouesel bu surrounding it. It does this through a series of Fgr rudn ouesel bu cylindrical shells, as illustrated in figure 1. The the earth electrode. important electrical characteristic that all grounding equations are dependent on is the resistivity of the earth surrounding the electrode, designated here by the symbol p. As a simple example, we can derive an approximate expression for the resistance to ground of a simple groundJ rod.
Equation 1 yields the Current Density within earth as a function of x, the distance from the ground rod and 1, the depth of the ground rod. Note that it is given by dividing the injection From Ohm's law, electric field strength E, in units of volts per unit length may be found by multiplying the current density i by E = (2) the soil resistivity, p. X 2=,
Find the potential (voltage) as a function of x by integrating the , field over x, the distance from the ground rt
We can substitute the electric field term E in equation 3 and integrate, which yields equation 5, an approximate expression for the potential drop as a function of distance from the ground rod.
To find the resistance R, we apply Ohm's Law again, dividing voltage by current, and using for limits of integration r=a (the radius of the cylindrical earth electrode) and x = 41 (a distance in which over 95 % of the injection current is dissipated) yielding equation 6:
Which is approximately the accepted theoretical value for ground rod R=V.'. R=_p In 41 (6) resistance, unadjusted for soil 2nI a inhomogeneity or other conduction effects.
It is interesting to note the dependence of these equations on the surface area that the earth electrode has in contact with the ground. Since the MK-2551, stake contact only, has approximately 50% more contact area than the standard 8-foot ground rod, we predict a lower resistance for the MK-2551. In reality, the contact of the surface wire contributes to the calculation, lowering the resistance of the MK-2551 further. This compensates for the usual condition that soil resistivity decreases as a function of depth. We shall investigate this in detail in the electrical test results section (Test Data, Section 5).
Step Potential
Equation 5 implies that a voltage gradient exists as a function of distance from the ground rod. The gradient is a function of the natural logarithm of the inverse distance from the rod2 If this is true, we can expect a significant voltage difference near an earth electrode system undergoing current injection. This is known as the step potential, named after the potential drop across human (or animal) feet in the space of a step.
Step potential developed from lightning effects, or even large fault currents, can be lethal. Figures 2 and 3 illustrate the hazards from step potential. The current is injected on the right-hand side of figure 2, and the resulting potential difference between x and x+step length is the highest at that point. We can see in figure 2 that step potential is dependent on step length, making it a greater hazard to the farm animal pictured.
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This effect can be a significant hazard in grounding systems, and we will detail the step potential for the MK-2551 in the test data section. Our intent here is to impart to the design engineer a thorough understanding of this hazard, so that it may be considered in STE VLTAGE --.--grounding system design. Our position is that any location out of doors, ErTCE especially near grounding systems, is Figure 2 Step potential from a cloud-to-ground hazardous, and .. ' ld be avoided during electrical storm conditions. The lightning strike. best possible course of action is to remain inside a grounded enclosure. We have prepared a model to estimate the resistance of the MK-2551. No model was previously available for this system. It is validated in the test results by the close agreement of the theoretical and actual step potential of the system (See 5.1.2.2.). Without deriving the equations from theory, we can calculate the resistance of the MK-2551.' In this calculation, we use the following dimensions: 1 = stake length (25 cm) a = equivalent stake diameter (1.5 cm) a.= wire diameter (.24 cm) rw = wire loop radius (679 cm) 1.= length of surface wire (2133 cm) n = number of stakes (15) and we use the following equations in the calculation.
Resistance of n stakes to ground.
R-=
Resistance of surface wire in contact to Rw-= 2 n(-r)
ground.
2n rw9) Meaning that in theory, the ratio of the MK-2551 resistance to the MX-148 ground resistance under similar conditions, is approxmately 'A, which is an adequate rule of thumb.
Proper Operational Procedures and Principles of Employment
In this section we detail the intended, approved procedures for MK-2551 deployment and operation.
We shall also attempt to answer some of the typical questions and concerns designers ask about the MK-2551, and explain the rationale behind some of the procedures.
Preventative Maintenance Checks and Services
Preventative Maintenance Checks and Services (PMCS) are key in the performance of any system, as these checks serve to identify and correct materiel deficiencies in the item before it is used. Every time the grounding kit is set up, the PMCS should be performed. These are found as a table in the equipment technical manual. We will duplicate the PMCS table in the SWGS TM 5 here and explain each item. In the PMCS table (table 2) , an unsuitable condition renders the item as "not fully mission capable." The primary concern during operation is loosening of the stakes and cable. This check should be performed at least daily, especially when significant personnel traffic is present. Stake and wire loosening will increase the resistance to ground and, at worst case, render the MK-2551 ineffectual (e.g., R=*oo). Use safety glasses and gloves while installing the kit to avoid injuries from handling the wire or from the possibility of splintering stakes. STEP 1 -Ensure equipment is not powered. If the equipment is powered and a fault current occurs while working with the grounding system, a hazardous condition may exist. shaped) pattern without overlapping cables. This provision exists to maximize the distance between ground stakes, which minimizes the ground resistance. The "U" pattern comes from the requirement (in step 6) to attach the short grounding cables. Test results also indicate that sharp bends or kinks in the main wire will degrade the MK-2551's ability to withstand a maximal current event, so avoid them in installation. In some instances the SWGS can lay in a straight line, for example when the equipment is a semitrailer-sized unit. The important considerations in this step are stake distance maximization, ability to connect the lug and short grounding cables, and minimizing personnel traffic across the cables. Also, we recommend not to lay signal cables, etc., across the MK-2551 main wire, as induced faults may propagate on those lines. Lay a sandbag or some other insulator across the main wire or run cables through the opening. (This is recommended for all grounding cables.) Obviously, fiber optic cables would not be affected by a fault current and are exempt from this restriction.
STEP 5 -Begin with the stake closest to the grounding stud. Pull cable taut. Twist stake 30 to 45 degrees. Drive stake until top is flush with ground. Continue until aD stakes are driven into ground. Cable tautness and twisting the stake are measures to guarantee a good electrical stake to main wire contact. Note that the cable between the shelter and the first stake should not be taut. Installing the stake flush with or slightly impacted into the ground will hold the main wire in place. This yields a surprisingly good contact (Rs-r T w Om 0.1-0.3 0), but requires periodic checking, as discussed in the previous section.
STEP 6 -Attach jumper cables. Connect one from front bumper of vehicle to center of cable; connect second from rear bumper to end of grounding cable. The "jumper" or short grounding cables are attached approximately equidistant on the main wire connected to equipment frame bonded to ground. The purpose of these cables is to meet high-current survivability guidelines' (e.g., a 200,000 ampere peak current event as found in natural lightning). With these connections, the MK-2551 can withstand higher current events than the standard MX148/G ground rod kit commonly found in military applications. More information on this aspect of the MK-2551 will be discussed in test results, Section 5. It is not necessary to scrape paint away to improve the clip contact, as this is a secondary current path. (Scraping the paint will, however, improve the contact. Under high current conditions, the paint will vaporize as it is not resistive enough to prevent flashover. Clip contacts used in testing were not scraped.)
3.3 Removal Instructions:
STEP 1 -Disconnect equipment power and discharge supply capacitors. This exists for the same reason as step 1 of the installation instructions.
STEP 2 -Remove jumper cables.
STEP 3 -Remove terminal lug from grounding stud.
STEP 4 -Tap each peg from side to side using the hanrzier provided with the kit. In actuality, you may find that lifting up on the main wire on either side of the stakes will usually be sufficient to remove the stake.
STEP 5 -Once a peg is loosened, grasp the cable on both sides of it and pulf up to remove. Use gloves to do this! STEP 6 -Continue this procedure until all stakes are removed.
Military Handbook: Grouding Bonding and Shielding for Electronic Equipment and
Fadlides; MJL-HDBK-419, Department of Defense, Washington D.C., 1982.
STEP 7 -Coil cables. Place grounding kit and hammer in tool bag.
Employment Principles
The basic principles of MK-2551 employment were stated earlier, but we repeat them here for clarity: * Stake separation distance maximization (i.e., use all of the cable).
0
Ability to connect the lug and short grounding cables, at approximately equidistant points on the main cable, while avoiding sharp bends. * Minimize personnel traffic across the cables (e.g. allow an access point to the equipment for service and other cables).
By following the basic employment principles, a safe deployment of MK-2551 is possible, as iliustrated in figure 4 . 
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MK-2551 Configurations
The single vehicle application of the MK-2551 was depicted in figure 4 . Instructions given in section 3 were for this use. More specific instructions may have to be developed for different configurations, particularly those requiring several MK-255 l's.
Multiple Vehicle Applications
The configurations illustrated in figure 5 are possible in cases of multiple vehicle assemblages, or for other unusual applications.
The MK-2551 does not lend itself well for these applications, as it was designed for a high mobility, single vehicle application. Assemblages of several vehicles do not lend themselves to quick setup either and users may find it easier to drive a single ground rod and make multiple connections to it. We have found from human factors data in typical operating scenarios that if several MK-2551 's are deployed, a time savings will result from using a single ground rod.
Principles for Multiple Vehicle Configurations
We are frequently asked how to deploy the MK-2551 in multiple vehicle configurations. In this section, we illustrate some appropriate installations of the MK-2551. In these cases the deployment principles (3 connections, equidistant; maximal stake separation; minimize personnel traffic) remain unchanged. Already we note that the MK-2551 connections on the vehicles on the right side of the drawing are not quite equidistant in terms of their position on the main wire. One MK-2551 should be used with each equipment item because of the required triple connection. If a single MK-2551 were used with two, three or more
JUMPERS MAR WHIE
VEHICLE VEHICLE Figure 5 Two vehicle MK-2551 deployment.
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shelters/vehicles, the connection to each would violate the triple equidistant connection principle, rendering the MK-2551 less than optimally effective for maximal current events.
In figure 5 , we illustrate an installation of two vehicles using MK-2551. One can easily see that addition of more vehicles in close proximity will complicate this deployment scheme greatly. Also, vehicles closer that 8 feet must be bonded together electrically (with #6 AWG cable, or a larger gauge), which is best accomplished at the equipment grounding studs (usually on the power entrance panel).
It is also worth noting that the sections of wire that lay in close proximity to each other have their individual ground effectiveness reduced if the wires (and therefore, the stakes) are not at least 40 inches from each other. Note also that if the systems are bonded at the ground stud the grounding systems are electrically continuous.
Generators
Another probable application with the MK-2551 is on mobile power generators. A typical installation is illustrated in figure 6 . 
Large Equipment
As stated, the MK-2551 may be installed in essentially a straight line if the employment principles are maintained. 
Multiple Vehicles
Multiple vehicle use is discouraged, because of the complex setup involved with close groupings of several vehicles. If necessary, designers may realize multiple vehicle MK-2551 applications using the guidelines of section 4.1. Consider that a primary goal of the MK-2551 is to save time and effort in grounding. In nearly all cases, grounding of multiple vehicles with MK-2551, while maintaining the deployment principles, results in no time or effort savings and also results in instructions that the user cannot understand. Usually, in our experience, consistent instructions cannot be developed, as it frequently depends on the number of vehicles. Since this is variable, or even initially unknown in some applications, it serves to increase confusion. Our advice in cases of multiple vehicle configurations is to use a standard ground rod, with multiple tie-in.
Non-Sbelterized Equipment
Other equipment, such as antenna masts may use the MK-2551, provided the employment principles are followed. A notable exception to this is a stand alone tent configuration, or similar application. We do not recommend using the MK-2551 for this application primarily because of the danger of excessive step potentials should a lightning strike occur.
Test Data
During the development of the MK-255 1, various technical testing and user evaluation was performed. In this section we provide a summary of each test series and their results. We are frequently asked for test data for the MK-2551, ranging from electrical properties to human factor installation/removal data. Our hope is that the test summary data provided here is useful to designers. Tests conducted on initial configurations of Surface Wire Grounding Systems (SWGS) are not included in this section as the physical component differs from that realized in the MK-2551 (with the exception of the original HELGA -II test, as it remains the best indicator of the resistance to ground properties of the SWGS in various soil types). Some initial testing, notably that performed by the Belvoir Research and Development center in 1986, raised suitability questions concerning the step potentials near MK-2551, and survivability questions under lightning conditions. More detailed and recent testing has since proved out the MK-2551, with multiple independent agencies endorsing the MK-2551. Analysis: Results indicate that the resistance of surface wire systems is degraded when stakes are loose or the surface layer is frozen to a considerable depth. This performance loss is mitigated by the inability to drive long ground rods into frozen soil. Analyzing the data provided in the HELGA-H report, we find that RPswosf= 0.0026p while the theoretical Rum,= 0.00 lip, where p is the soil resistivity expressed in ohms-cm. Viewing the theoretical value of Rmwj, as approximate, we can see that the two surface wire systems have similar performance. While the data presented is not from the modern MK-255 1, we include this data so that designers may draw conclusions on MK-2551 employment in various terrain types, and the HELGA-Il remains the best data for this purpose. Theoretical analysis (really a first order approximation) based on both systems linear relationship with soil resistivity estimates that MK-2551 remains superior over a standard ground rod.',"' The results of this analysis are plotted in figure 8 . Resistance of both systems should increase as frozen soil depth increases. Maximum resistance occurs when the soil is frozen to the depth of the grounding system. In figure 8 we can see that the MK-2551 resistance increases to a maximum at a frozen soil depth equal to the stake depth and remains nearly constant. (According to MIL-HDBK-419, the soil 7.0 Author's Note This Application Note was written with the intent of providing design engineers with the latest and best possible information, theoretical and experimental, concerning the MK-2551. I've included the grounding theory to illustrate how the MK-2551 and other grounding systems operate, and I hope that this provides the reader with some insight on the application of the MK-2551. Detailed operating instructions are included to provide not only the correct procedure, but the reason for that procedure and some guidelines for unusual situations. Lastly, the condensed test data are included to demonstrate the comprehensive validation of the MK-2551.
I invite any user of the MK-2551 to add to these data. If you are using the MK-2551 and have documented test results, please inform us here at the U.S. Army CommunicationsElectronics Command Safety Office.
As you can see, we need more reliability and human factors data for this system.
Similarly, I welcome any comments or questions that you may have. Please direct your data, comment, or inquiry to one of the following addresses: 
